Abstract
cycle, migration, and lineage selection in cultured multipotent mouse or human NSCs using single-cell tracking during a long-term, 7-14 day live-cell time-lapse analysis. We used in-house made PDMS inserts with five microwells on a glass coverslip petri-dish to constrain NSC into the area of acquisition during long-term live-cell imaging. In parallel, we have defined image acquisition settings for single-cell tracking of cell cycle dynamics using Fucci-reporter mouse NSC for 7 days as well as lineage selection and migration using human NSC for 14 days. Overall, we show that adjustments of live-cell analysis settings can extend the time period of single-cell tracking in mouse or human NSC from 24-72 hours up to 7-14 days and potentially longer. However, we emphasize that experimental use of repeated fluorescence imaging will require careful consideration of controls during acquisition and analysis. 
Introduction
The application of human neural stem cells (hNSC) as cell therapeutics targeted towards central nervous system injuries or degenerative diseases is being heavily investigated. Cell line to cell line variability in human cell manufacturing has created a demand for detailed preliminary in vitro screening methods of newly developed cell lines. Live-cell analysis can provide multi-modal information about cellular function at the single-cell level. NSC proliferation and migration has been extensively studied using time-lapse imaging in rodent tissue slice cultures (Noctor et al. 2004; Raineteau et al. 2004; Sakaue-Sawano et al. 2008; Namba et al. 2011; Yokose et al. 2011) . Several groups have also utilized live-cell time-lapse imaging followed by single-cell tracking for studying in vitro cultured NSC. The majority of these have been performed in rodent primary NSC cultures (Qian et al. 1998; Qian et al. 2000; Ravin et al. 2008; Costa et al. 2011; Ortega et al. 2011; Winter et al. 2015; Ortega and Costa 2016 ) spanning 4-14 days of time-lapse image acquisition. A subset of these studies have investigated cell cycle by single-cell tracking of Fucci-cell cycle reporter expressing mouse NSC (Sakaue-Sawano et al. 2008; Roccio et al. 2013; Daynac et al. 2015) ; however, analyses of Fucci-mouse NSC (Fucci-mNSC) in vitro have focused on short term experiments (24-72 hours). In parallel, few studies have investigated single-cell tracking in time-lapse imaging of human NSC (hNSC) (Blong et al. 2010; Keenan et al. 2010) , and these have again been constrained to short term experiments (24-48 hours). Here, we describe a method for long-term (7-14 day) live-cell time-lapse imaging and singlecell tracking of cell cycle, migration, and lineage selection in in vitro NSC, using a combination of multipotent mouse Fucci-expressing and human NSC to illustrate these assessments.
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Material and methods

Isolation and culture of mouse and human neural stem cells
Multipotent mouse NSC were isolated from the cortices of fluorescent ubiquitination-based cell-cycle indicator expressing (Fucci) mice (Sakaue-Sawano et al., 2008; Sakaue-Sawano and Miyawaki, 2014) embryos at gestational age E11. FuccimNSC were cultured as neurospheres in serum free DMEM (Gibco) basal medium supplemented with bFGF (20ng/ml, Invitrogen) and EGF (10 ng/ml, Invitrogen) for two passages. After this period, cells were transitioned on poly-L-ornithine (5 µg/mL, Sigma) and laminin (10 µg/mL, Invitrogen) coated flasks in serum free X-VIVO 15 (BioSciences)
based growth medium supplemented with 20 ng/ml bFGF, 2 ng/ml EGF and LIF (10 ng/ml, Chemicon).
Multipotent hNSC were isolated from human fetal brain at 16-20 weeks gestational age and cultured as neurospheres in supplemented X-VIVO 15 medium as previously described (Uchida et al., 2000) . After passage number five, the cells were transitioned to a monolayer culture on poly-L-ornithine and laminin coated flasks as described above.
PDMS inserts with microwells
PDMS insert templates with five 1.2mm x 0.8mm microwells ( Figure 1A ,B) were designed using SolidWorks and AutoCAD (Autodesk, Inc.) design software. They were dimensioned to match a 3x3 tiled field of view at 20x magnification on a VivaView FL Incubator Microscope (Olympus America, Inc). For polydimethylsiloxane (PDMS) sheet manufacture, silicon elastomeric base was mixed with curing agent (Sylgard® 184, Dow
Corning) in a ratio of 10:1, degassed in a vacuum chamber for 30 min, and added on 60 mm polystyrene petri-dish (4-5 ml/dish), which was rotated in slow motion for even PDMS surface distribution before baking at +65 C overnight. The following day, PDMS sheets with approximate thickness of 500 µm were covered with a perforated sticky wrap sheet (Plasdent), and the inserts were cut by a VeraLASER 2.3 (Universal Laser Systems, Inc.) using 1 mm as 1 unit for the insert template, 30% laser power intensity, 10% speed and 1000% pulse per inch settings without z-axis cutting. The perforated wrap was removed from the inserts prior to sonication in 70% EtOH at +35 C, 60 sonics/min, 5 degas pulses/sec using Ultrasonic Cleaner FS30 (Fisher Scientific).
Sonicated PDMS inserts were sterilized under UV-light for 30 minutes and stored in 70% EtOH at room temperature. Prior to use, 35 mm petri-dishes with a 14 mm glass coverslip 1.5 with thickness of 0.16-0.19 mm (MatTek Corporation) were coated with 5µg/ml poly-L-ornithine (Sigma) at +37 C overnight, washed with sterile H2O and airdried the following day. Using sterile tweezers, each PDMS insert was rinsed in sterile H2O, and when still slightly wet adhered onto the poly-L-ornithine coated glass coverslip petri-dish and air-dried. Next, the microwells of each PDMS insert were coated with 10 µg/ml laminin (Invitrogen) at +37 C overnight, and air-dried the following day. For live cell imaging, NSC cultures were detached using trypsin-EDTA (Cell-Applications) and plated into the microwells at a density of 100 cells/well (0.5µl/microwell) of X-vivo based growth medium using extra-long low retention pipette tips (VWR International). 10-15 minutes post-plating, petri-dishes containing microwell inserts were carefully filled with 2 ml of growth medium, and NSC were cultured for two days at +37 C and 5% CO2. Prior to time-lapse imaging, NSC were washed, the medium was changed to X-VIVO 15 based differentiation medium supplemented with 10ng/ml GDNF (PeproTech), 10ng/ml BDNF (PeproTech) and 1ng/ml bFGF, and petri-dishes with the inserts were loaded into the VivaView FL Incubator Microscope. The total volume of differentiation medium added into each petri-dish for NSC 7 day experiments was 3 ml. 14 day experiments were plated into 2 ml of differentiation medium and fed by adding 500µl of pre-warmed differentiation medium every fifth day throughout the experiment. 
Live-cell imaging
Immunocytochemistry post-live-cell imaging
After the last image acquisition timepoint at 14 days in vitro differentiation, hNSC in the microwell were fixed with 4% paraformaldehyde. The inserts were carefully removed, and the cells were permeabilized and immunostained with primary antibodies raised against Map2 (1:50, Sigma), GFAP (1:1000, Dako) or Olig2 (1:100, R&D)
followed by secondary antibodies conjugated with 555, 488, or 647 fluorochromes (ThermoFisher Scientific). Hoechst (Sigma) was used as a nuclear counter stain. 3 x 3 multichannel image montages of immunostained cells were captured using an Olympus IX inverted microscope with camera and 20x objective to create a composite image of the post-immunostaining and the last image acquisition timepoint, 14 days at in vitro differentiation.
Image montages and movie compiling
File names of the acquired time-lapse images were changed to be specified for the x-and y-directions, the channels, and the timepoints using NameChanger (MRR software), and compiled channel by channel into a movie using Imaris image processing and analysis software version 7.5.2 (Bitplane, Inc).
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For lineage analysis of hNSC, the composite image of cells post-immunostaining representing the final 14 day timepoint and the preceding timepoints were compiled into Imaris (Bitplane, Inc.) in reverse chronological order.
Total number of cells and proportional analysis of cell cycle phase
The total number of Fucci-mNSC per timepoint and the relative proportions of the cells in G1 or S, G2 or M phases per timepoint were quantified from the image montages at 0-, 48-, 72-, 96 hours, and 7 days during in vitro culture. G1 or S, G2 or M phase were characterized based on the Fucci-nuclear fluorescence reporter expression.
The data is shown as an average of four or three independent biological experimental replicate, respectively. The data of each independent biological experimental replicate was collected from a single microwell on separate petri-dishes, that were either imaged separately (fluorescence time-lapse) or simultaneously (DIC-only time-lapse).
Single-cell tracking of cell survival, number cell divisions, length of cell cycle and migration
Based on the literature, the number of in vitro cultured NSC analyzed per time- 
Single-cell analysis of hNSC lineage selection, number of cell divisions, and migration statistics
Three to seven human cells of each neuronal lineage were randomly selected based on the fate marker expression mapped using the composite image postimmunostaining and the final time-lapse image at 14 day. These cells were back-tracked using Imaris software manual tracking and the time-lapse movies compiled in reverse chronological order. If the cells had divided, the sister cells were also tracked and characterized using the post-immunostaining composite image. The total number of cell divisions during in vitro differentiation was compared between the three neuronal lineages. Migration track length, straightness, and speed were compared between the parent hNSC and the progeny of each lineage. Data is shown as an average of 3-4 individual cells per lineage.
Results
Microwells allow long term live-cell imaging analysis in a small subset of NSC
To assess feasibility of long-term live-cell imaging of mouse and human NSC, we tested several incubator / imaging systems. According to our evaluation both Olympus 1A,B) . We matched the microwell size so that the area within a single microwell could be captured as a 3 x 3 image montage using an Olympus VivaView FL Incubator
Microscope with a 20x objective. Ultra-small well size allowed us to focus analysis of NSC population dynamics in a small subset of cells that were constrained to the 3x3 "field of view". Plating density for both human and mouse NSC was establised at 100 cells per microwell to enable sufficient cells for analysis while maintaining a final density parmessive for cell tracking experiments. Two days post-plating in growth conditions, the average number of attached NSC was 153±46 cells per microwell (Fig. 1C) indicating replicable cell attachment between four independent biological experimental replicates. In parallel, no cells were found to migrate out of the microwells in any of the time-lapse experiments ranging from 7-14 days, so long as the original microwell adherence was good. Overall, these data suggest that the microwells are a practical approach for constraining NSC for live-cell imaging experiments.
Live-cell imaging of NSC dynamics during in vitro culture
Feasibility of single-cell tracking
We isolated NSC from cortex of Fucci mice (Sakaue-Sawano et al., 2008;
Sakaue-Sawano and Miyawaki, 2014) at embryonic stage 11. At passage 5, the cells were plated in PDMS microwells and two days post-plating exposed to in vitro differentiation conditions followed by time-lapse image acquisition using Olympus VivaView FL Incubator Microscope for GFP, RFP and DIC with 20x objective for 7 days.
The acquired images were compiled into a time-lapse movie and 30 cells per independent biological experiments were randomly selected within the first frame of the movie corresponding to 0 hour timepoint. Each cell was tracked frame-by-frame using the manual tracking feature of Imaris software. Based on the single-cell tracking data 9 we generated a pedigree map showing cell divisions or death within the selected FuccimNSC population over the course of the fluorescence time-lapse experiment ( Fig. 2A) . Table 1 ). The final settings used in this study for Fucci-mNSC were selected based on qualitative analysis and are described under the Material and Methods. Consistent with the literature, the effects of repeated fluorescence excitation were observed in all conditions evaluated. With the settings used here, the DIC only imaged Fucci-mNSC control group exhibited an average survival rate of 91%  2% within the tracked cells during a 7 day experiment, while the fluorescence time-lapse caused a 0.5 fold decrease in the survival of the tracked Fucci-mNSC (Fig. 2B) . The proportion of the tracked parent mNSC that divided during the experiment was not significantly changed ( Fig. 2C) , however the average number of cell divisions per parent mNSC was reduced by 10 fold in comparison to a DIC only imaged control group during a 7 day experiment (Fig. 2D) . In parallel, the total number of Fucci-mNSC per microwell remained unchanged during the 7 day fluorescence time-lapse experiment, where as DIC-only imaged control group exhibited a increasing number of cells towards the end of the experiment (Fig. 2E ). These data demonstrate that it is possible to establish fluorescence time-lapse image acquisition parameters that enable imaging of FuccimNSC through at least 7 days in vitro, however, repeated fluorescence image acquisition affects NSC survival and proliferation. Awareness of these caveats and use of appropriate controls will be important considerations in any experimental design.
Effect
Evaluation of cell cycle phase and dynamics
Neural progenitors exit the cell cycle in a developmentally regulated manner to allow for terminal differentiation (Lu et 
, 2008). Nuclei of the Fucci-mNSC
in G1 phase appear red, during G1 to S transition the cell nuclei turn yellow, and in S, G2 or M phase nuclei appear green (Fig. 3A-B) . Immediately after cytokinesis and after terminal differentiation at G0, nuclei of the Fucci-mNSC appear non-fluorescent (Fig.   3A ). The frame-by-frame single-cell tracking of Fucci-mNSC allowed us to generate a pedigree map to visualize the length of G1 and S, G2 or M phases within the selected NSC population over the course of 7 day fluorescence time-lapse in in vitro differentiation conditions (Fig. 3B) . Quantification of the total number of Fucci-mNSC in G1 and S, G2 or M phase at 0-, 48-, 72-, 96 hour, and 7 day timepoints revealed that the proportion cells in G1 phase increased while S, G2 or M phase decreased between 72 hour and 7 day timepoints relative to the 0 hour timepoint (Fig. 3C ). In parallel, statistical analysis of the single-cell tracking data revealed that the progeny of FuccimNSC spent less time in S, G2 or M phase relative to parent cells (Fig. 3D ). These data suggest that the long-term fluorescence live-cell imaging of Fucci-mNSC with continuous time-lapse up to 7 days can be used for studying cell cycle dynamics in cultured NSC. However, as noted above, experiments employing live-cell time-lapse imaging with repeated fluorescence excitation will require additional controls, and the effect of repeated fluorescence excitation should be carefully considered.
Repeated fluorescence excitation and cell migration
Imaris software generates several cell motility measures, such as track speed, track length, straightness, and displacement. Cell movement can be also visualized using a dragon tail display showing individual migration tracks of each cell over the course of the experiment (Fig 4A) or as single-cell tracks over the course of experiment (Fig 4A) . We assessed the feasibility of tracking cell migration and the effect of repeated fluorescence excitation on Fucci-mNSC motility measures. mNSC in both fluorescence and DIC time-lapse groups exhibited the highest speed of migration between 0-48 hours during in vitro differentiation (Fig. 4B) , with an average of 0.005 µm/s±0.00006 µm/s or 0.006 µm/s±0.0003 µm/s, respectively. Speed in both groups decreased significantly over the course of the experiment (Fig. 4B) . No difference was detected in distance the cells migrated over the course of the 7 day experiment between the fluorescence and DIC time-lapse groups (Fig. 4C) , with an average of 780µm±50µm or 753µm±49µm, respectively. In parallel, no significant changes were found in track displacement (the distance between the start and end point of the analyzed cell (Fig. 4E ) or track straightness (track displacement divided by track length; Fig. 4F ) between the groups.
Track displacement and straightness are both measures that can be used for comparing directionality of the cell movement when the experimental set-up consists of multiple cell lines or study groups. These data suggest that tracking Fucci-mNSC migration in the microwells is feasible, however, while the fluorescence time-lapse imaging settings used in this study did not alter track length, displacement or straightness over time, there may be a small impact on speed of migration.
Dynamics of lineage selection and migration
Last, we tested the feasibility of long-term live-cell imaging analysis to assess human NSC differentiation capacity and lineage preference in vitro. Multipotent hNSC were isolated from fetal brain at 16-20 weeks gestational age and cultured as previously described (Uchida et al., 2000) . At passage 5-8, hNSC were plated into microwells, and two days post-plating exposed to in vitro differentiation conditions followed by time-lapse image acquisition as described under Materials and Methods. In comparison to rodent cells, hNSC require a longer time for in vitro differentiation. Our previous data suggest that a small proportion of hNSC remain uncommitted even after a 14 day in vitro differentiation period (Piltti et al. 2011) , however, evaluation of GFAP + cells in combination of stem cell markers Sox2 and Nestin indicates that by this timepoint GFAP expression correlates with astroglial lineage commitment rather than maintenance of neural progenitors (Hooshmand et al. 2017) . After the last image acquisition at the 14 day timepoint, cells were fixed and triple-immunostained for lineage characterization using astroglial marker GFAP, oligodendroglial maker nuclear Olig2, or neuronal marker Map2 (Fig 5A-D) . Using the composite image of the post-immunostaining and final DIC time-lapse timepoint, we randomly selected three to seven cells in each lineage exhibiting either GFAP, nuclear Olig2, or Map2 expression to be back-tracked from the time-lapse movies compiled in reverse chronological order. Alignment of the layers for the composite image was good, as shown in the composite image of the Hoechst and final DIC time-lapse timepoint in the triple-immunostained microwell (Fig 5E) . Based on the single-cell back-tracking data, we generated a hNSC fate map showing cell divisions, death, and lineage of each analyzed cell and their parent cells during the two week in vitro differentiation period (Fig. 5F ). No significant difference was detected between lineages in the total number of cell divisions during the 14 day differentiation (Fig 5G) . In parallel, no significant changes were detected in migration track length or straightness between parent cells and the progeny of each lineage (One-way ANOVA, p≤0.05). However, parent hNSC of the oligodendroglial nuclear Olig2 (Fig 5H) . When migration track speed was compared between the parent NSC and the progeny in each lineage, no changes were detected in the astroglial GFAP + lineage ( Fig 5I) and only the cells committed to oligodendroglial Olig2 + lineage (Fig 5J) or neuronal Map2 + lineage (Fig 5 K) exhibited significantly reduced migration speed suggesting possible cell lineage-specific changes during in vitro differentiation. Overall, these data suggest that differentiation capacity, 13 lineage preference and migration of hNSC can be tracked for assessment live-cell imaging analysis, at least up to 14 days in vitro.
Discussion and Conclusions
Long-term live-cell analysis of NSC cultures has been considered technically challenging due to high migratory capacity and photosensitivity. Additionally, high density NSC culture makes single-cell tracking difficult. Here, we describe the technical feasibility of a long-term (7-14 day) live-cell analysis model in which cell cycle dynamics, migration, and lineage selection can be studied in multipotent NSC in vitro.
Several commercial and non-profit cell quantification and tracking software programs are currently available. In this study, we used a commercial tracking program (Imaris), which offers both automated continuous tracking and manual tracking features.
Imaris software for automated tracking was not able to differentiate NSC from background with the contrast settings used for our time-lapse. Additionally, errors in automated continuous tracking increased dramatically with increasing NSC density over time. However, we found the manual single-cell tracking feature feasible for assessing NSC survival, proliferation, lineage selection or migration in vitro. Although, several techniques to constrain cells within a 2D imaging region exist, the materials used for live-cell culture have specific requirements. Although cell type dependent variation may exist, PDMS is generally considered to be a bio-compatible and non-cytotoxic cell culture material based on the use of medical grade PDMS implants (Halldorsson et al. 2015) . In this study we used in-house manufactured PDMS hour and 7 day timepoints relative to the 0 hour timepoint, 1-sample t-test, *p≤0.05, n=3 independent biological experimental replicates, mean ± error bars SEM. In parallel, D) the progeny of Fucci-mNSC spent less time in S, G2 or M phase relative to parent cells.
Student's 2-tailed t-test *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, n=3 independent biological experimental replicates, mean ± error bars SEM. Student's 2-tailed t-test p≥0.05, n=4 independent biological experimental replicates, mean ± error bars SEM. 
